China is facing severe acid deposition. Acid deposition can cause economic loss, corrosion, and damage to materials, and the reduction of material life span. In this study, the administrative areas (including municipalities, prefecture-level cities, regions, autonomous prefectures, and leagues-hereinafter referred to the cities) at and above the prefecture level were selected as research areas. Monitoring results of acid precipitation and ambient air sulfur dioxide (SO 2 ) from the China National Environmental Monitoring Network were used, research findings available domestically and abroad were summarized, and a set of material exposure inventory per capita was established, based on urban and rural areas in Eastern, Central, and Western China regions. Losses of construction materials caused by acid deposition in the cities were assessed by using the said materials' acid rain exposure response functions available. The results showed that, material loss caused by acid deposition in China was 32.165 billion yuan (RMB, similarly hereinafter) in 2013, accounting for 0.057% of GDP (Gross Domestic Product) and 3.4% of the total investment for environmental pollution governance this year.
Introduction
The concept of acid rain was first proposed by Smith [1] , who surveyed the rivers in the suburbs of Manchester, and found them to contain high SO 4 2− concentrations. Unfortunately, this finding did not attract enough attention at the time [2] . In 1972, the Swedish Government submitted a report to the United Nations Conference on the Human Environment (UNCHE), and acid rain was treated as an international environmental issue in the report [3] . In 1975, the first International Seminar on Acid Rain and Forest Ecosystem was held in the United States, where serious dangers of acid rain on the surface, soil, forests, and vegetation were discussed, attracting universal attention to the issue of acid rain damage. Extensive research was then carried out on the acid rain issue [4, 5] . Studies on acid rain in China began around the late 1970s [6] [7] [8] [9] [10] , when monitoring and research on precipitation pH were conducted locally in cities such as Beijing, Shanghai, Nanjing, Chongqing, and Guiyang. To fully grasp the distribution of acid rain in China, the State Environmental Protection Administration (former name for the Ministry of Environmental Protection, MEP) set up a national acid rain monitoring network in 1982 [11, 12] . By the end of 2011, about 500 cities (including districts and counties) conducted routine monitoring on acid precipitation in China, with a total of 1000 monitoring sites involved. Acid deposition remained a grave issue in China, with acid rain still dominated by sulfuric acid rain [13] . The acid deposition situation remained unchanged and serious in 2011. According to MEP, acid rain mainly spread along the mainstream of Yangtze River and to the south of the river's middle and lower reaches in 2013. The acid deposition areas included most parts of Jiangxi Province, Fujian Province, Hunan Province, and Chongqing Municipality, as well as Yangtze River delta, Pearl River delta, and southeast Sichuan Province. The total area was equivalent to around 10.6% of the national territory [14] .
When exposed to acid rain, outdoor materials will suffer different degrees of corrosion and damage, affecting materials' life span and resulting in huge economic losses. Therefore, it is an important research task to evaluate economic loss on corrosion and damage of materials due to acid deposition. Research has been launched to analyze economic losses from damage of materials exposed owing to atmospheric pollution since the 1960s in other countries. Some studies yielded evaluations on the loss of construction materials in limited areas or individual countries in Europe and North America [15] [16] [17] [18] . Kucera et al. [19] created an air pollution corrosion loss measurement model and calculated corrosion loss imposed by air pollution in three cities, namely, Stockholm, Prague, and Sarpsborg. Cowell et al. [20] assessed losses of buildings and materials due to European acid gas pollution relying on the model and loss function. Using residents' income and expenditure data and the national tax data, in combination with data collected from surveys on the building cleaning market, Rabl et al. [21] converted economic gain and loss of building materials due to changes to air pollution levels in Paris.
Researchers also carried out studies on economic loss from corroded materials due to acid rain on a regional or urban scale in China. According to preliminary estimates by Yin [22] , economic loss from corroded materials due to acid rain in two southwestern provinces (Sichuan and Guizhou) amounted to approximately 0.23% (371 million yuan) of their GDP in 1987. Economic loss from materials corroded by acid deposition in Guangdong and Guangxi Provinces was estimated to occupy 1.0% (1065.08 million yuan) and 0.9% (256.26 million yuan) of GDP respectively of the same period [23] . Economic loss in Guangzhou from materials corroded by acid deposition amounted to 120 million yuan in 2001 [24] . Through empirical estimation and Uhlig method calculations [25] , about 3 billion yuan of direct economic losses in materials incurred in China due to acid rain damage in 1999 [26] . Atmospheric corrosion on zinc caused annual economic loss to hit 40.61 million yuan in Chongqing, accounting for around 0.1% of GDP of the same period [27] .
To learn about the extent of material loss imposed by acid rain currently in 2013, prefecture-level administrative areas are selected as basic units, and estimates on material loss caused by acid deposition are calculated in this study. Furthermore, spatial distribution of economic losses was also analyzed, making it possible to obtain spatial difference and distribution law in various regions, and to offer scientific support for environmental protection departments to strengthen their management of acid rain as well as their control of the emissions of acid-causing air contaminants. Meanwhile, estimation models, methods concerned, and basic data can also provide basic information and reference for the estimates on other losses caused by acid deposition.
Methodology

Material Loss Calculation
The methods to estimate economic loss are derived from Cowell's [20] estimation and the computational models employed in the China-Norway cooperation program in the 1990s [28] . The main steps are: (1) surveying the material exposure inventory; (2) determining material damage function and the acid rain exposure-material losses response relationship; (3) identifying the critical damage level (CDL) and assessing changes in service life at current pollution levels; and (4) evaluating economic losses based on cost for maintenance or replacement.
Material loss caused by acid deposition on the city level is specifically calculated by the formula below:
(1) Y 0i is corrosion rate of material i under conditions of non-pollution, unit: µm/a.
Survey on Material Exposure Inventory
Material exposure inventory is an important factor for calculating material economic losses caused by acid rain. Workload on the material exposure inventory survey is tremendous, and the pan-exposure-response relationship is not always available for all the outdoor materials. For this reason, in this study, we only consider building materials, which have larger inventories, and are widely used.
Using aerial photos of aircrafts, Stankunas [29] conducted a grid-plot survey in Boston and derived the building material inventory throughout the Boston area. In the 1980s, material inventory parameters surveys were performed in Guangdong and Guangxi provinces [30, 31] . In the 1990s, through the grid method, building materials surveys were conducted in Guangzhou by Guangzhou and Norway researchers [32, 33] . In 2004, relevant surveys were also conducted in Taiyuan, Shanxi Province under the Sino-Norwegian cooperation project [34] .
Currently, the efficiency for building material exposure inventory surveys is largely improved by using remote sensing combined with spot research and verification [35, 36] . In Chongqing, research was conducted on differences in per capita material exposure inventory between population in urban areas and population in suburban areas (counties and districts); after determining the material exposure inventory per capita of municipal districts by combining remote sensing images and field surveys, adjustments were made on the material exposure inventory through field sampling and surveying.
This study is conducted in the cities at or above prefecture level. Generally, there are two methods when estimating building materials exposure inventory. One is to use material exposure per unit floor area [24] , which is high in accuracy however difficult to estimate due to the lack of existing data on city scale floor area nationwide. The other is to employ building material exposure per capita. In this study, we use building material exposure per capita since the urban population data is relatively easier to obtain.
The material exposure inventory for the cities is calculated as follows:
wherein, S i is exposure inventory of material i, B ic is per capita building material exposure area of municipal districts, P jc is population of municipal district in city j, B ir is per capita building material exposure area of non-municipal district, and B jr is population of non-municipal district in city j. In this study, China is divided into the following three regions (Figure 1 ), the Eastern region (11 provinces and municipalities, including Beijing, Tianjin, Hebei, Liaoning, Shanghai, Jiangsu, Zhejiang, Fujian, Shandong, Guangdong, and Hainan), the Central region (8 provinces, including Shanxi, Jilin, Heilongjiang, Anhui, Jiangxi, Henan, Hubei, and Hunan) and the Western region (12 provinces, autonomous regions, and municipalities: Sichuan, Chongqing, Guizhou, Yunnan, Tibet, Shaanxi, Gansu, Qinghai, Ningxia, Xinjiang, Guangxi, and Inner Mongolia). By making reference to relevant research findings, Guangzhou and Jinan, Shanxi, and Chongqing are selected as building material exposures per capita of the Eastern, Central, and Western regions respectively. In the meantime, results from Li's research [36] on Chongqing are adopted, and different material exposures per capita for population in urban municipal district and rural areas are considered accordingly. Building material exposures per capita of the three regions are listed in Table 1 (for those without direct statistics, the material exposure inventories per capita are estimated with the proportion of total regional material amount).
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In the Guideline for Chinese Environmental and Economic Accounting, researchers represented by Yu et al. [56] established a set of feasible material exposure-response relationship and estimated CDL of materials according to material service life in relevant research., These accomplishments were built on the results of key scientific research projects on acid rain during the 7th Five-Year-Plan period, and are better suited to Chinese reality and taking into account the dose-response relationship recommended by the ECON report [28, 57] based on European studies, Table 2 lists the set of exposure-response relationship and CDL, which were also employed in the article. In this study, to calculate Y 0i , SO 2 concentration and pH value are set 0 and 5.6 under non-pollution conditions, respectively. L 0i is calculated according to Equation (4) , and Y pi is estimated by precipitation pH and SO 2 concentration in various cities in 2013 respectively (see Section 2.5). 
Estimates on Material Price
For the price of materials used herein, refer to the price of the materials employed by Guo et al. [58] in his estimation of the loss of materials due to acid deposition in Guangdong Province in 2002. Table 3 lists the reference price of all kinds of materials in 2013 which have been obtained after price correction (retail price index by category of commodities). 
Data Sources
Data of precipitation pH value and SO 2 concentration come from the China National Environmental Monitoring Network. The data on acid rain takes annual average precipitation pH value and SO 2 concentration takes annual concentration of urban sulfur dioxide. The data of precipitation pH value SO 2 concentration covers 338 Chinese municipalities and prefecture-level cities, as well as 1436 air quality monitoring stations. Nearest urban annual averages are used for cities with no acid rain or sulfur dioxide monitoring data.
Results
Pollution of Acid Rain and Sulfur Dioxide
According to monitoring results on precipitation pH value and annual average, SO 2 concentration from the China National Environmental Monitoring Network in 2013, spatial characterization of acid deposition and SO 2 is presented in Figures 2 and 3 separately. Both spatial analysis and characterization are completed in the ArcGIS 10.0 software (similarly hereafter). With a precipitation pH value lower than 5.6 as basis of determination, a lower than 5.0 pH value marks relatively serious acid rain and a value of less than 4.5 indicates serious acid rain [13] . The results show that acid deposition in China is mainly distributed along the middle and lower reaches of the Yangtze River and its southern areas, including most parts of Jiangxi, Fujian, Hunan, and Chongqing, as well as the Yangtze River delta, the Pearl River delta, and southeastern Sichuan. In addition, Beijing, Dalian, and Dandong were hit by acid deposition in 2013. The lowest pH value of 4.01 appeared in Zhuzhou, and precipitation acidity in eight cities-namely, Zhuzhou, Changsha, Panzhihua, Quzhou, Pingxiang, Luzhou, Jinhua, Ji'an, and Taizhou-were less than 4.5, indicating the presence of serious acid rain in these cities.
According to the SO 2 Grade II limits of National Ambient Air Quality Standard (no more than 0.060 mg/m 3 ), SO 2 polluted areas are mostly concentrated in the Beijing-Tianjin-Hebei region, adjacent to the mid-west areas of Shandong Province, Eastern Shanxi Province, Northern Henan Province, and southern Inner Mongolia. SO 2 concentrations of Panzhihua, Anshun, Jinchang, Yinchuan, Huangshi, Tongling, and Shenyang also exceeded the required level. Zibo has the highest annual average SO 2 concentration of about 0.133 mg/m 3 . Annual average SO 2 concentrations are more than 0.1 mg/m 3 in six cities, named Zibo, Tangshan, Xingtai, Jinzhong, Laiwu, and Shijiazhuang.
Estimations on Material Inventory
According to statistics on the number of populations in urban municipal districts and rural areas, calculations are performed on material exposure inventories per capita in municipal districts and rural areas in the Eastern, Central, and Western regions. Calculations are also made to derive material exposure inventories for all sorts of materials and total materials exposed (Figure 4) , which was introduced in 2.2. The results revealed that the total building material exposure inventory in China is 109.07 billion m 2 , which is equivalent to approximately 81 m 2 in per capita terms. The exposure inventories of various materials are shown in Table 4 .
Overall, material exposure inventories in China show gradually decreasing trends from the east to the west, spatially. annual average SO2 concentration of about 0.133 mg/m 3 . Annual average SO2 concentrations are more than 0.1 mg/m 3 in six cities, named Zibo, Tangshan, Xingtai, Jinzhong, Laiwu, and Shijiazhuang.
Overall, material exposure inventories in China show gradually decreasing trends from the east to the west, spatially. 
Estimates on Losses Incurred by Acid Deposition
Estimation is conducted on the loss of materials incurred by acid deposition in the cities and the total loss of materials nationwide ( Figure 5 ).
In 2013, material loss caused by acid deposition in China totaled about 32.165 billion yuan, accounting for 0.057% of China's GDP [59] that year and 3.4% of the total investment in environmental pollution control. As the materials accounted for in this study are relatively representative, yet not all of the materials, the results should be a little lower than the actual values. In other words, material loss caused by acid deposition in China cannot be ignored and more attention should be paid.
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In 2013, material loss caused by acid deposition in China totaled about 32.165 billion yuan, accounting for 0.057% of China's GDP [59] that year and 3.4% of the total investment in environmental pollution control. As the materials accounted for in this study are relatively representative, yet not all of the materials, the results should be a little lower than the actual values. In other words, material loss caused by acid deposition in China cannot be ignored and more attention should be paid. The loss value shows a decrease from east to west in its distribution patterns. Geographically, major areas with larger material loss caused by acid deposition are distributed in the Beijing-TianjinHebei region with more severe SO2 pollution and its surrounding areas, and the south of the Yangtze River, east of Qinghai-Tibet Plateau area with more serious acid deposition.
Regarding the spatial distribution of proportions in GDP of material loss incurred by acid deposition in Chinese cities (Figure 6 ), the areas with higher proportions of material loss basically coincide with regions of SO2 and acid deposition. Loss ratios are lower than national average (0.057%) The loss value shows a decrease from east to west in its distribution patterns. Geographically, major areas with larger material loss caused by acid deposition are distributed in the Beijing-Tianjin-Hebei region with more severe SO 2 pollution and its surrounding areas, and the south of the Yangtze River, east of Qinghai-Tibet Plateau area with more serious acid deposition.
Regarding the spatial distribution of proportions in GDP of material loss incurred by acid deposition in Chinese cities (Figure 6 ), the areas with higher proportions of material loss basically coincide with regions of SO 2 and acid deposition. Loss ratios are lower than national average (0.057%) in 70.6% of the cities, and the lowest proportion appeared in Karamay, with less than 1/100,000. Among the cities with a loss ratio higher than the national average (accounting for 29.4%), Xingtai, Handan, Heze, Hengshui, and Baoding are higher than 0.2% and Xingtai City even reached 0.38%. 
Discussion and Conclusions
In this study, based on the monitoring results of precipitation and ambient air pollutant (SO2) from the National Environmental Monitoring Network and references to previous studies, a set of assessment models, which is appropriate to China's material loss incurred by acid deposition as well as functions of the dose-response relationship, is selected. On the basis of existing limited research findings, parameters for building material exposure inventory per capita are derived and are distinguished from those of the Eastern, Central, and Western regions-as well as those of urban and rural areas-and yet can be applied to cities across China. Then, using the unit price of material maintenance or replacement corrected by prices of commodities, overall estimation is performed on material loss resulting from acid deposition in China.
The results show that material loss caused by acid deposition in China reached approximately 32,165 billion yuan in 2013, constituting 0.057% of the Chinese GDP and 3.4% of the total investment in environmental pollution control in the same year. Earlier studies have shown that economic loss from corroded materials due to acid rain in two southwestern provinces (Sichuan and Guizhou) approximately took 0.23% of their GDP in 1987, economic loss from materials corroded by acid deposition in Guangdong and Guangxi Provinces was estimated to occupy 1.0% and 0.9% of GDP respectively, and atmospheric corrosion on zinc caused annual economic loss to hit 0.1% of GDP in Chongqing. Considering the degrees of acid rain pollution in these areas are higher than others, the results from this study-material loss caused by acid deposition in China constituting 0.057% of the Chinese GDP-exhibits a lower value than the previously mentioned results. However, the conclusions are still acceptable. 
In this study, based on the monitoring results of precipitation and ambient air pollutant (SO 2 ) from the National Environmental Monitoring Network and references to previous studies, a set of assessment models, which is appropriate to China's material loss incurred by acid deposition as well as functions of the dose-response relationship, is selected. On the basis of existing limited research findings, parameters for building material exposure inventory per capita are derived and are distinguished from those of the Eastern, Central, and Western regions-as well as those of urban and rural areas-and yet can be applied to cities across China. Then, using the unit price of material maintenance or replacement corrected by prices of commodities, overall estimation is performed on material loss resulting from acid deposition in China.
The results show that material loss caused by acid deposition in China reached approximately 32,165 billion yuan in 2013, constituting 0.057% of the Chinese GDP and 3.4% of the total investment in environmental pollution control in the same year. Earlier studies have shown that economic loss from corroded materials due to acid rain in two southwestern provinces (Sichuan and Guizhou) approximately took 0.23% of their GDP in 1987, economic loss from materials corroded by acid deposition in Guangdong and Guangxi Provinces was estimated to occupy 1.0% and 0.9% of GDP respectively, and atmospheric corrosion on zinc caused annual economic loss to hit 0.1% of GDP in Chongqing. Considering the degrees of acid rain pollution in these areas are higher than others, the results from this study-material loss caused by acid deposition in China constituting 0.057% of the Chinese GDP-exhibits a lower value than the previously mentioned results. However, the conclusions are still acceptable.
It should be noted that the proportion of material loss incurred by acid deposition among the GNP (Gross National Product) for a city can be used to measure how green the city's GDP is. A larger proportion indicates that such GDP is gained at the expense of environmental loss to some extent. Moreover, material loss caused by acid deposition is merely one aspect among which environmental pollution leads to economic loss of the ecosystem. This paper evaluates material loss caused by acid deposition in China at the city level for the first time, obtaining data and core ideas based on demographic, economic, and acid-deposition values of the evaluated cities. The results are significant for further research on other losses caused by acid deposition. Meanwhile, the methods of estimation, patterns, functions, and associated parameters used in the article can also provide references for studies on material loss caused by acid deposition at a national scale. Furthermore, with the support of longtime monitoring data, it is also possible to analyze spatiotemporal trends and changes on pollution-caused losses.
Although the article tries its utmost best to give an overall and objective assessment on the economic loss of materials caused by acid deposition, the present study still has room for improvement. On the one hand, the limited number of cases pertaining to current surveys of city-level material exposure inventory and are not representative enough. Though continued development of remote sensing technology helped in the surveys of building material exposure inventory to a great extent, a lack of research still exists concerning the relevant cases that could serve as underlying data, and the types of materials are also difficult to fully cover. As a consequence, the estimated results are lower in value than the actual ones. On the other hand, in terms of price of material maintenance or replacement, due to the lack of sufficiently authoritative price data, human subjectivity is largely involved, making it difficult to enhance the accuracy of the research method.
